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-  intense beams of polarized antiprotons  

-  new research field, transversity 
 
 

-  spin filtering 

-  COSY Experiments proof-of-principle 
 
-  CERN/AD Experiment with antiprotons 
-  FAIR upgrade 



Goal-of-PAX 

•  Demonstrate an efficient method for polarizing an 
antiproton beam →  

 a new field of hadron physics 
Ø  Polarized antiprotons to be employed at CERN and at FAIR 

•  Proposed methods… 
•  Antihyperon decay – low intensity secondary beam < 105 s-1 

•  Selective spin flip (tested by PAX – not useful!) 
•  Selective spin loss (spin filtering – proved to work – 

FILTEX & PAX!) 
-  …More ideas (none shown to work L)… 
-  Channeling in crystals 
-  Spin splitter (repeated Stern-Gerlach) 
-  Dynamic nuclear polarization in flight (Krisch@Bodega-BAY 1985) 
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Motivation I – Transversity of the proton 

• ATT   
– First direct measurement of the transversity –
Doubly polarized Drell-Yan reactions:  
annihilation of the valence quark-antiquarks in  
the proton-antiproton 
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Part I: Physics Case 19

only longitudinal spin), and thus the QCD evolutions of hq
1 and !q are quite di"erent. One

cannot claim to understand the spin structure of the nucleon until all three leading–twist
structure functions have been measured.

Whereas the unpolarized distributions are well known, and more and more information
is becoming available on !q, nothing is known experimentally on the nucleon transversity
distribution. From the theoretical side, there exist only a few theoretical models for hq

1.
An upper bound on its magnitude has been derived: this bound holds in the naive parton
model, and, if true in QCD at some scale, it is preserved by QCD evolution. Therefore,
its verification or disproof would be by itself a very interesting result. The reason why
hq

1, despite its fundamental importance, has never been measured is that it is a chiral–
odd function, and consequently it decouples from inclusive deep–inelastic scattering. Since
electroweak and strong interactions conserve chirality, hq

1 cannot occur alone, but has to
be coupled to a second chiral–odd quantity.

This is possible in polarized Drell–Yan processes, where one measures the product of
two transversity distributions, and in semi–inclusive Deep Inelastic Scattering (SIDIS),
where one couples hq

1 to a new unknown fragmentation function, the so–called Collins
function [5]. Similarly, one could couple hq

1 and the Collins function in transverse single–
spin asymmetries (SSA) in inclusive processes like p! p ! ! X.

Both HERMES [7] and COMPASS experiments are now gathering data on spin asym-
metries in SIDIS processes, which should yield information on some combination of hq

1

and the Collins function. However, one cannot directly extract information on hq
1 alone:

the measured spin asymmetries can originate also from the Sivers function [4] – a spin
property of quark distributions, rather than fragmentation – which does not couple to
transversity; in addition, higher twist e"ects might still be sizeable at the modest Q2 of
the two experiments, thus making the interpretation of data less clear. The transverse
SSA experimentally observed in p! p ! ! X and p̄! p ! ! X processes [24, 25, 26] can be
interpreted in terms of transversity and Collins functions; however, also here contributions
from the Sivers function are important, or even dominant [27], and these processes could
hardly be used to extract information on hq

1 alone.

2.2 Transversity in Drell–Yan Processes at PAX

The most direct way to obtain information on transversity – the last leading–twist missing
piece of the QCD nucleon spin structure – is the measurement of the double transverse spin
asymmetry ATT in Drell–Yan processes with both transversely polarized beam and target:

ATT "
d"!! # d"!"

d"!! + d"!"
= âTT

!

q e2
q hq

1(x1, M2) hq̄
1(x2, M2)

!

q e2
q q(x1, M2) q̄(x2, M2)

, (1)

where q = u, ū, d, d̄, ..., M is the invariant mass of the lepton pair and âTT is the double
spin asymmetry of the QED elementary process, qq̄ ! #+##,

âTT =
sin2 $

1 + cos2 $
cos 2% , (2)
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Motivation II – see TechProposal arXiv:hep-ex/0505054    

• Proton electromagnetic form factors  
–Moduli and absolute phase of the proton em form factors in 
the time-like region 
• Doubly polarized antiproton-proton hard scattering  
–To be compared to the analogue pp measurement 
• Hadron spectroscopy – Exotic states 
 

P.Thörngren<piate@kth.se> LEAP 2013 / PAX - Polarizing antiprotons 6 



Methods: How2 polarize a stored beam? 

• Spin flip 

• Spin filter  
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Method I – Spin flip 

•  Using spin-dependent interaction leptons-hadrons:spin-flip 

Method proposed by T. Walcher, H. Arenhoevel et al (Mainz): Eur. 
Phys. J. A34 (2007) 447. 

•   Huge spin transfer cross section (H. Arenhoevel 2007) in attractive 
systems like e+p(bar) or e-p predicted: 1013  barn at low relative 
velocities! 

• A calculation of the same quantity by Milstein and co-workers     
[ NIM B 266 (2008) 3453] resulted in σ = 0.75 mb.  

•  Resolved by PAX Experiment: 
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We discuss polarizing a proton beam in a storage ring, either by selective removal or by spin flip of the
stored ions. Prompted by recent, conflicting calculations, we have carried out a measurement of the spin-
flip cross section in low-energy electron–proton scattering. The experiment uses the cooling electron
beam at COSY as an electron target. The measured cross sections are too small for making spin flip a
viable tool in polarizing a stored beam. This invalidates a recent proposal to use co-moving polarized
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Triggered by a criticism of A.I. Milstein, S.G. Salnikov and V.M. Strakhovenko [1] we have searched for the reason
of the dramatic di!erence of our triple-spin transfer cross-section in the scattering of spin-1/2 hadrons from leptons [2].
We found a numerical problem in our calculation of the spin-dependent cross-sections [3,4]. After the correction of this
problem the cross-sections are smaller by about 14 orders of magnitude. The corrected figs. 1–4 of ref. [2] are repeated
in this erratum (in the following page).

Though some features as the ratio !S!

2 "/!S2" = 0.49 are more favorable now, the huge reduction of the cross-section
kills the proposal. In order to arrive at similar polarisation times and figures of merits as in ref. [2] an increase of the
positron density of about 13 orders of magnitude had to be achieved. As a realistic increase four orders appear to be
possible today [5].

However, there still remains a di!erence between our and the calculation of ref. [1]. Whereas we get !h
!!,!,+ #

30 mbarn for " = $ and 0.5 mbarn for " = + at Th = 1.7 keV A.I. Milstein, S.G. Salnikov and V.M. Strakhovenko get
!total = !h

!,+,+ +!h
+,!,+ = 0.75 mbarn. This di!erence may be due to their averaging over all relative initial directions

of the hadron momentum with respect to the lepton spin.
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Method I – Milestone I 

• PAX@COSY  
• Using a polarized proton beam 
and co-moving electrons as 
target – no depolarization seen 
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Table 1
The detune voltages !U used in this experiment, the detune velocity u0 in the proton rest frame, the integrals I" and I# of Eq. (15), and the average velocity ū and its
standard deviation. The calculation assumes a transverse electron temperature of kTe = 0.3 eV. The last two columns show the measured ratio R , of the polarization with
and without electron target and its statistical uncertainty $R (see Section 3.3.3).

!U (V) u0 (10!3c) I" I# ū (10!3c) !ū (10!3c) R $R

!426 !2.53 338 25.8 2.82 0.23 1.084 0.051
0 0 777 777 0.64 0.49 1.022 0.055

246 1.46 482 79.4 1.86 0.30 1.008 0.096
301 1.79 429 54.3 2.15 0.27 1.094 0.074
348 2.07 391 40.3 2.40 0.25 1.023 0.055
426 2.53 338 25.8 2.82 0.23 1.027 0.049

Fig. 5. Ratio of the beam polarization with or without electron beam during the
‘interaction’ part of the cycle as a function of the average relative velocity ū. The
horizontal bars indicate the range !ū of velocities that contribute to the measure-
ment. The vertical bars are statistical uncertainties.

Fig. 5. It is believed that the systematic errors of this measurement
can be neglected, since the beam position was stable, the up and
down polarizations were the same within statistics, and systematic
asymmetries in beam current and target density cancel to first or-
der in the cross ratio. Furthermore, the ratio R depends only on
the change of the polarization between E-cycles and 0-cycles, and
the actual value of the beam polarization (between 0.47 and 0.53)
merely affects $R , while the normalization of the imported analyz-
ing power cancels.

4. Result

For each of the six detune potentials !Uk (k = 1, . . . ,6) (see
Table 1), the result of the measurement consists of the ratios Rk "
(P E/P0)k as described in the previous section. When combining
Eqs. (9) and (14) one obtains

yk " ! ln Rk

2ctintne,ku#2(LC/LR)
= % #

S," I" ,k + % #
S,# I#,k. (19)

The denominator contains the speed of light, the interaction
time tint = 245 s, the electron density ne , the reference veloc-
ity (see Eq. (13)), arbitrarily set to u# = 0.002, the active length
LC = (1.75 ± 0.25) m of the cooler, and the ring circumference
LR = 183.47 m. The cooler length is uncertain because of details
of inflection and extraction of the electron beam, and the electron
density (Eq. (10)) is affected by uncertainties of the electron beam
current Ie = 170 mA and its area Ae = 5 cm2. We estimate that the
overall systematic uncertainty of the denominator is ±20%.

The polarization ratios Rk (Fig. 5) are consistent with unity,
i.e., the polarization differences between E-cycles and 0-cycles are
of the order of their statistical errors. A possible systematic ef-
fect arises from the fact that the negative charge distribution of
the cooling electrons slightly focuses the proton beam. This affects
the machine tune, and thus the effect of nearby depolarizing res-
onances. Consequently, the polarization lifetime during the inter-
action time in E-cycles and 0-cycles could differ slightly, because
of the absence of electrons in the latter, which would affect the

measured ratio Rk . An indication of this effect might be seen in
the fact that all Rk are larger than unity, corresponding to a larger
polarization with the electron beam than without it. Such an ef-
fect is opposite from that of a possible beam depolarization, and it
is conceivable that both are sizeable, but compensate each other.
However, such compensation could only be achieved for a single
measured detune velocity, while all other ratios Rk would deviate
significantly from unity, which is not the case. We estimate this
systematic uncertainty of Rk to be ±0.05.

The integral weights I" ,k and I#,k on the right side of Eq. (19)
depend on the transverse electron temperature kTe , which, for a
number of reasons, is larger than the temperature of the emitting
cathode, which operates at 900 $C, corresponding to kTe = 0.1 eV.
The actual temperature, kTe = (0.3 ± 0.1) eV, has been deduced
from a measurement of the rate of electron pick-up by co-moving
protons [31].

The depolarizing cross sections, % #
S," and % #

S,# (at the reference
velocity u#) appear as unknowns in Eq. (19). Since our experiment
fails to find a depolarization effect, we instead derive an upper
limit for the two cross sections that is compatible with our data.
Following the usual treatment (see, e.g., [32]), we define the likeli-
hood function

L(%y|% #
S," ,% #

S,#) "
!

k

exp
"

(yk ! % #
S," I" ,k ! % #

S,# I#,k)
2

2$y2k

#
. (20)

The experimental result, yk , is defined in Eq. (19); the statistical
uncertainty $yk follows from the error $R (see Table 1). Follow-
ing the Bayesian approach, we calculate the posterior probability
density function

p(%S," ,%S,#|%y) =
L(%y|% #

S," ,% #
S,#)h(% #

S," ,% #
S,#)$

L(%y|%̂ #
S," , %̂ #

S,#)h(%̂ #
S," , %̂ #

S,#)d%̂
#
S," d%̂ #

S,#
. (21)

The function h reflects our prior knowledge (cross sections are
positive numbers) and is set to a constant for all non-negative val-
ues of % #

S," and % #
S,# , and to zero otherwise.

The probability p is evaluated numerically. The upper cross sec-
tion limits, shown in Fig. 6, are contours of constant p. The signif-
icance level (S.L.) is the integral of p over the region below the
curve, and equals the probability that the two cross sections are
less than the values along the contour. When evaluating the inte-
gral, we assume that parameters with a systematic uncertainty are
completely unknown within a range equal to that uncertainty. We
thus conservatively choose a value for these parameters (within
that range) that result in the largest upper limit.

As mentioned earlier, the spin-flip cross sections are propor-
tional to the inverse square of the relative velocity u# . The values
shown in Fig. 6 are for u# = 0.002, corresponding to a center-of
mass energy of about 1 eV, or to a proton kinetic energy in the
electron rest system of Th = 1.2 keV.

5. Conclusions

We have reviewed the history, motivation and previous at-
tempts to polarize a stored beam in situ. This includes a discussion
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!
u!S (u)

"
= 1

2"2

1#

u0

$
!S,# (u)

%
1+ u2

0

u2

&
+ !S,$(u)

%
1! u2

0

u2

&'

" exp
(
!u2 ! u2

0

2"2

)
u2 du. (12)

For the small relative velocities considered here, the spin-flip
cross sections are to a good approximation proportional to u!2.
This velocity dependence is discussed by Milstein et al. [10], and
follows from their Eq. (20), when neglecting the logarithmic term
(which amounts to just a few percent). We thus set

!S, j(u) = u#2

u2 ! #
S, j, (13)

where j stands for either # or $, and u# is an arbitrarily cho-
sen reference velocity with the understanding that the experiment
yields information on the two cross sections ! #

S,# and ! #
S,$ , at that

velocity. The velocity average can now be written as
!
u!S (u)

"
= u#2*! #

S,# I# + ! #
S,$ I$

+
, (14)

with

I j(u0) =
1#

u0

w j(u,u0)du, (15)

and

w j(u,u0) = 1
2"2

%
1± u2

0

u2

&
exp

(
!u2 ! u2

0

2"2

)
. (16)

The weight functions w j are defined for u > u0; the plus sign ap-
plies when j = # , and the minus sign when j = $. The integrals
I# and I$ , evaluated numerically for a transverse electron temper-
ature kTe = 0.3 eV (" = 8.1"10!4), are listed in Table 1. Although
not needed for the subsequent data analysis, it is interesting to cal-
culate an average velocity ū and range %ū for the relative velocity
from the centroid and width of the weight functions (the corre-
sponding values are very similar for the two weight functions, so
we only quote their mean).

3.1.2. Effect of the detuned electrons on the stored beam
Whenever the detune potential is set to a non-zero value, the

stored beam is no longer cooled. In addition, since no RF bunch-
ing is used, the drag force exerted by the electrons will affect the
proton beam velocity. In order to limit this effect, we alternate 5 s
intervals of detuned operation (%U $= 0) with 5 s intervals of cool-
ing (see Section 3.2).

In order to demonstrate that the drag force does not signifi-
cantly affect the proton velocity during the detuned phase (5 s)
we show in Fig. 1 the frequency distribution of the orbiting par-
ticles (Schottky spectrum). The top trace shows the spectrum of
the cooled beam with the characteristic double peak due to plasma
waves traveling in opposite directions. The remaining four traces
are measured after a detune voltage of %U = 246 V has been
turned on, which results in a relative electron–proton velocity of
u0 = 1.46 " 10!3. The bottom scale shows the proton velocity up
relative to its value at the start of the detune interval. One notices
that after applying the detune voltage, the proton velocity spread
immediately increases, and continues to grow slightly while the
centroid shifts by about 0.08 " 10!3 over the 10 s interval stud-
ied here. In the actual experiment, the detune interval is 5 s. It is
clear that both spread and shift of the proton velocity distribution
are negligible compared to u0.

3.2. Cycle scenario

An experiment with a storage ring typically consists of a se-
quence of fill cycles. The scenario of our experimental cycle is

Fig. 1. Schottky spectra (distribution in orbit frequency) of the stored proton beam.
The top trace is measured when the beam is cooled. The remaining traces show the
evolution of the distribution after a detune voltage of 246 V has been applied. The
bottom scale shows the proton velocity up relative to its value at the start of the
detune interval. The measurement covers a period of 10 s.

Fig. 2. Time sequence of an experimental cycle. The lower trace (solid line) shows
the electron accelerating voltage, in the first half alternating between cooled and
detuned mode. In this case, the cooling electron accelerating voltage is UC =
26.8 kV, and the detune voltage is %U = 320.42 V. The upper trace (dashed) in-
dicates the number of protons orbiting in the ring. The deuterium target is turned
on after 500 s.

shown in Fig. 2. At the beginning of the cycle, the ring is filled
with vertically polarized protons (typically, the beam polarization
is P B % 0.5). During the first half of the cycle, the coasting beam
is interacting with the electrons in the cooler. During the second
half, while cooling the beam, the internal deuteron target is turned
on to measure the beam polarization.

The first half of the cycle contains 49 sub-cycles of 10 s length.
During such a sub-cycle the electron velocity is first tuned to the
beam velocity to cool the beam for 5 s, then the electron beam
velocity is detuned for another 5 s. This is the time when the ac-
tual experiment takes place with a total ‘interaction’ time in the
detuned mode of tint = 245 s per cycle.

The scenario just described shall be called ‘E-cycle’. To reduce
systematic uncertainties, E-cycle polarization measurements are
compared to those observed in a reference cycle, or ‘0-cycle’. Ref-
erence cycles are identical in every respect, except that during the
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FILTEX@TSR/Heidelberg proof-of-principle 
proton-proton spin filtering  

• Tbeam = 23 MeV (unpolarized protons) 
• Target:  

-  storage cell fed by ABS 
-  dt=6 x 10^13 atoms/cm2 
-  guide field 5G: up/down 

• Filtering for 90 min 
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Method II - Milestone II: 
PAX@COSY proton-proton spin filtering 

• Tbeam = 49.3 MeV 
• e-cooling 
• ABS filtering target 
• D2 unpol target 
• Left-Right detectors 
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W. Augustyniak et al. / Physics Letters B 718 (2012) 64–69 65

recently reviewed [2], no polarized antiproton beams have been
produced so far, with the exception of a low-intensity and low-
quality, secondary beam from the decay of anti-hyperons that has
been realized at Fermilab [3].

An intense beam of polarized antiprotons will open new exper-
imental opportunities to investigate the still unknown structure of
the nucleon. We remind, for instance, the first direct measurement
of the transversity distribution of the valence quarks in the proton,
a test of the predicted opposite sign of the Sivers-function, related
to the quark distribution inside a transversely polarized nucleon in
Drell–Yan as compared to semi-inclusive deep-inelastic scattering,
and a first measurement of the moduli and the relative phase of
the time-like electric and magnetic form factors GE,M of the pro-
ton [4].

In principle, an initially unpolarized beam in a storage ring can
be polarized by two methods. In the case of a beam of spin- 12 par-
ticles (with two spin states) this might be achieved by either se-
lectively reversing the spin of particles in one spin state (“flipping”)
or by selectively discarding particles in one spin state (“filtering”).

Spin-flipping would be preferable over spin-filtering as it would
offer the advantage of polarizing the beam not affecting its inten-
sity. Unfortunately, no viable method exploiting spin-flipping has
been proposed so far. In a previous work [5], the PAX Collabora-
tion presented a measurement invalidating a proposal to use the
flipping method to polarize a stored antiproton beam by means of
the interaction with a co-moving polarized positron beam.

Prior to the work presented here, only one experiment had
shown that the in-situ polarization build-up of a stored hadron
beam actually works. This experiment was performed by the FIL-
TEX group at the TSR ring in Heidelberg in 1992 [6] and exploited
spin-filtering on a 23 MeV stored proton beam, in the presence of
a polarized atomic hydrogen target.

The motivation for the experiment presented in this Letter was
to provide an additional measurement to the existing one, confirm-
ing the validity of the filtering-method to polarize a stored beam,
and to test the present theoretical understanding of the mecha-
nism [7–9] under different experimental conditions.

2. Principle of the measurement

The measurement performed at the COSY storage-ring
(Forschungszentrum-Jülich) allowed the extraction of the spin-
dependent part of the proton–proton cross section when both
particles are transversely polarized. The task was accomplished
by measuring the polarization buildup induced in a stored beam
through the interaction with a polarized hydrogen target. Since
the total cross section is different for parallel and antiparallel
orientations of the spins of beam and target protons, one spin
orientation of the beam particles is depleted at a higher rate than
the other one and the circulating beam becomes increasingly po-
larized, while the intensity decreases with time. In the following,
we assume the target polarization to be vertical. The beam is con-
sidered to initially consist of equal fractions of particles with spin
up and spin down. The total interaction cross section for the beam
with the target can be expressed as [10]

!t = !0 ± Q !1 (1)

where Q is the target polarization, !0 denotes the spin-independ-
ent part, and !1 the spin-dependent part of the total cross section.
The positive and negative signs apply to the fraction of the beam
particles whose spin is parallel (!!) or antiparallel (!") to the spin
of the target, respectively.

As a consequence of the interaction, the intensity of the spin-
up and spin-down protons in the ring decreases exponentially with

Fig. 1. Schematic view of the COSY storage ring. The polarized hydrogen target is in-
stalled in one of the straight sections of the ring; the RF solenoid of the Spin Flipper
is located in one of the arcs, its use is explained in more detail in the text; the Elec-
tron Cooler, followed by the detector setup with Silicon Tracking Telescopes (STTs)
to determine the beam polarization, is installed in the second straight section.

different time constants leading to a polarization buildup as func-
tion of time

P (t) = N!(t) # N"(t)
N!(t) + N"(t)

= tanh
!

t
"1

"
. (2)

The spin-dependent effective polarization buildup cross section
!̃1 can be extracted from the observed time constant "1 of the
buildup rate via

dP
dt

$ 1
"1

= !̃1Q dt f (3)

where dt is the target areal density in atoms/cm2, f the particle
revolution frequency and !̃1 indicates the effective polarizing cross
section which accounts for the fact that only protons scattered at
angles larger than the acceptance angle of the storage ring #acc
contribute to the spin-filtering process !̃1 = !1 (# > #acc). We will
refer to this effect in Section 6, where we will give a theoretical
estimate for !̃1 (see Eq. (13)).

3. Experimental apparatus

An overview of the COSY machine with the installations utilized
in the investigation is shown in Fig. 1. The two main compo-
nents of the experimental apparatus used for the measurement are
the polarized hydrogen gas target, installed at the PAX interaction
point, and the beam polarimeter consisting of a deuterium-cluster
target of the ANKE experiment surrounded by a system of Silicon
Tracking Telescopes (STTs). Phase space cooling of the stored beam
is achieved by the Electron Cooler, and the vertical polarization of
the stored beam can be reversed using the Spin Flipper solenoid.

3.1. Polarized target

The PAX polarized target, shown in Fig. 2, consists of a po-
larized Atomic Beam Source (ABS), a storage cell, and a diagnos-
tic system. The ABS [11] injects polarized hydrogen atoms into
the cell, a sample of the gas diffuses from the center of the cell
through a side tube into the diagnostic system. This consists of a
Breit–Rabi polarimeter (BRP) [12] measuring the atomic polariza-
tion and a Target–Gas Analyzer (TGA) [13] determining the rela-
tive fraction of atoms and molecules. A set of coils mounted on
the scattering chamber provided the weak vertical holding field
($ 10 G) requested to orient the target polarization
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!.". Target Section Overview

!e target section provides a polarized hydrogen or deuterium gas target for the PAX spin-"ltering
experiments. It is composed of the following main components: the Atomic Beam Source (ABS),
the target chamber with the storage cell, the Target Gas Analyzer (TGA) and the Breit-Rabi
Polarimeter (BRP). A schematic view of the components is shown in Fig. !.#. High areal densities
of up to $ ! #%#& atoms/cm' are required for spin-"ltering. !ey are achieved by injecting nuclear
spin polarized hydrogen or deuterium atoms produced by an ABS into a storage cell [##%]. !e BRP
measures the polarization of an e(usive beam extracted from that cell.

Fig. !.".: Schematic drawing (le)-hand side) the Polarized Internal Target (PIT)[###] with the Atomic Beam
Source (ABS, Sec. !.'), the target cell (Sec. !.&), the Breit-Rabi Polarimeter (BRP, Sec. !.!) and the Target
Gas Analyzer (TGA, Sec. !.$). !e right-hand side shows a &D plot of the H-beam laboratory setup as used
during the calibration measurements (source: technical drawing from IKP, Forschungszentrum Jülich).

!.#. Atomic Beam Source

!e ABS, formerly used in the HERMES experiment [*$, ##', ##&], has been modi"ed for the spin-
"ltering studies of the PAX experiment [###]. !e vacuum system had to be modi"ed because of
space limitations of the future setup. !e transitions in the appendix chamber of the ABS had to
be removed because of the low target holding "eld requirement, and to increase the intensity by
shortening the distance to the storage cell. !e scheme of the ABS components is shown in Fig. !.'.

For di(erential pumping the ABS is separated into ! chambers (I-IV) and evacuated with +
turbomolecular pumps. !e pumping speed is approximately #% %%% l/s. !is powerful pumping

&!
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Fig. 4. Schematic representation of a spin-filtering cycle. The black curve represents
the beam current (left scale), while the red one shows the polarization, induced in
the beam (right scale). With the PAX polarized target on, while the beam current
decreases, the polarization in the beam builds up. At the end of the spin-filtering
cycle, the ANKE cluster target is used and the spin-flipper is switched on three-
times to allow for the measurement of the beam polarization. Cycles with different
orientations of the target holding field (HF) have been performed. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this Letter.)

on and the data acquisition of the beam polarimeter starts.
During the beam polarization measurement, the beam polar-
ization is reversed three times using the spin-flipper. This al-
lows for the determination of the induced beam polarization
within each cycle, thereby reducing systematic errors. The to-
tal duration of the polarization measurement in each cycle was
2500 s.

Spin-filtering cycles have been repeated for different directions
of the target holding fields: up (!) or down ("). A typical spin-
filtering cycle is depicted in Fig. 4.

4.1. Zero measurement

To provide a cross-check for the zero polarization of the detec-
tor, a series of dedicate cycles has been carried out in addition. To
be as close as possible to the experimental conditions of a stan-
dard filtering cycle, the zero measurement cycle reflected exactly
the same sequence of operations, differing only in the number of
injected particles (< 1 · 109), equal to the number of particles in
the ring after spin-filtering and in the duration of the spin-filtering
part (180 s vs 12000 s or 16000 s).

5. Data analysis

As described in Section 2, the effective polarizing cross section
can be derived from the measurement of the rate of polarization
buildup in the stored beam,

!̃1 = dP
dt

1
Q dt f

. (4)

In this section we briefly describe how the individual factors
appearing in Eq. (4) have been determined.

5.1. Polarization buildup

The beam polarization is measured by using p!d elastic scat-
tering. The cross section for the interaction of a transversely polar-
ized proton beam impinging on an unpolarized deuterium target is
given by

d!
d"

(#,$) = d!0

d"

!
1+ P Ay(#)cos$

"
(5)

where d!0
d" is the unpolarized cross section, Ay(#) is the analyzing

power, # and $ are the polar and the azimuthal scattering angle in
the laboratory system, respectively. Precise analyzing power data
are available from [16], and differential cross sections have been
measured at a nearby energy (T p = 46.3 MeV) [17].

Deuterons and protons stopped in the second or third detec-
tor layer can be clearly identified by means of the %E/E method.
Since the data were taken below the pion-production threshold,
an identified deuteron ensures that elastic scattering took place.
In order to distinguish elastically scattered protons from the ones
that stem from deuteron breakup, a cut based on the relation be-
tween deposited energy and scattering angle has been applied. The
contamination of the selected elastic proton sample from protons
originating from pd-breakup events is estimated to be less than 3%.
The presented analysis is based on a total number of 8.6 ·106 iden-
tified deuterons and 1.6 · 106 identified protons.

The beam polarization P is derived from the asymmetry de-
termined using the so-called cross ratio-method [18]. The method
provides a cancellation of all first order false asymmetries caused
by differences in acceptance, e!ciency, and integrated luminosity
in the two detectors. The cross ratio & is defined by means of the
rates Y (#,$)R,L,!," detected in the left (L) and right (R) detectors
for data samples with spin up (!) and down (") beam polariza-
tions,

& =
#

YL!(#,$) · YR"(#,$)

YL"(#,$) · YR!(#,$)
= 1+ P Ay(#)

1# P Ay(#)
. (6)

The asymmetry is defined as

' = & # 1
& + 1

= P Ay$cos$%. (7)

In Eq. (5), the average of the trigonometric function account-
ing for the azimuthal dependence of the analyzing power over the
detector acceptance in the interval #25& < $ < 25& has been ap-
proximated to unity without affecting the measured asymmetry.
The selected events are sorted in bins of 3& width. The polariza-
tion is extracted by scaling the measured asymmetry using a fit
based on a 5th order polynomial of the analyzing power taken
from [16]. As an example, the extracted asymmetries for deuterons
after 12000 s spin-filtering cycle are presented in Fig. 5 (upper
panel) as a function of the deuteron scattering angle in the lab-
oratory system. The plot presents the asymmetry of the detected
deuterons in the range 53& < # < 74& , while it reports the asym-
metry of the reconstructed deuterons from the identified protons
in the range 30& < # < 51& . The line represents the result of the
overall fit.

In order to investigate fake asymmetries as possible sources of
systematic errors, the same analysis procedure has been applied
to the zero measurement, where no spin-filtering took place and
no polarization was induced in the beam (Fig. 5, lower panel). This
measurement can be interpreted as a determination of the system-
atic error of the beam polarization.

The beam polarization obtained from spin-filtering cycles of
different length for the two target spin-orientations is presented
in Fig. 6. The plot presents the total acquired statistics including
events where either a deuteron or a proton from elastic scatter-
ing were identified. We mention here that although the number of
identified protons is about a factor 5 smaller than the number of
identified deuterons, the contributions of the two samples to the
statistical uncertainty are comparable due to the different magni-
tude of the corresponding analyzing powers. Note that a change
in sign of the target polarization, realized by reversing the holding
field, causes a change in sign in the induced beam polarization. In

FOM = I(t) x P2(t) 
topt = 2 x τbeam	
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Fig. 2. Schematic drawing of the PAX polarized target with the ABS in the vertical position, the storage cell on the ring axis, and the target diagnostic system in the
horizontal position. The Target Gas Analyzer (TGA) determines the atomic to molecular fraction of the effusive beam from the storage cell, while the Breit–Rabi Polarimeter
(BRP) measures the degree of polarization of the atomic sample.

Fig. 3. Experimental setup for the measurement of the beam polarization. The clus-
ter target beam comes from the top and traverses the beam stored in the machine.
Recoil deuterons are detected by two Silicon Tracking Telescopes (STTs) left and
right to the beam.

3.2. Beam polarimeter

The beam polarization has been measured by detecting elas-
tically scattered protons and deuterons off the ANKE cluster tar-
get (see Section 5.1 for a description of the method). Two Silicon
Tracking Telescopes (STT) [14] have been placed left and right the
deuterium cluster target [15], with respect to the proton beam,
at the ANKE interaction point (see Fig. 3). The ANKE deuterium
cluster target provides a beam of about 10 mm diameter with an
integrated areal density of 1.5 · 1014 atoms/cm2. Each telescope
comprises three position-sensitive detectors, oriented parallel to
the beam direction. The first (second) layer is 65 µm (300 µm)

thick, with an active area of 51 mm by 66 mm. They are located at
a distance of 28 mm (48 mm) away from the beam axis. The third
layer, consisting of 5 mm thick detectors, is located at a distance
of 61 mm from the beam axis. Within the mechanical constraints
of the detector support, the telescope position with respect to the
interaction region is chosen to optimize the figure-of-merit for the
pd analyzing reaction.

4. Spin filtering cycle

In order to perform the measurement, dedicated spin-filtering
cycles have been introduced. The sequence of operations in any
cycle is as follows:

• An unpolarized proton beam is injected in the COSY ring at a
beam energy of 45 MeV. The beam is cooled and subsequently
accelerated to 49.3 MeV. This energy has been chosen for the
spin-filtering experiments, because of existing data of the an-
alyzing power in proton–deuteron elastic scattering [16]. The
typical number of particles injected and accelerated in every
cycle was about 5 · 109.

• At this point the spin-filtering starts. Polarized hydrogen is in-
jected into the storage cell at the PAX interaction point. The
holding field coils are powered on in either up (!) or down (")
orientation for the duration of the spin-filtering period. Two
different durations for the spin-filtering periods have been
adopted: one lasting for 12000 s, and a longer one of 16000 s,
corresponding to about 1.5 and 2 times the measured beam-
lifetime (8000 s). These spin-filtering times were judiciously
chosen to optimize the relative statistical uncertainty of the
final result.

• At the end of the spin-filtering period, the PAX polarized target
is switched off, the ANKE deuterium-cluster target is switched
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Fig. 4. Schematic representation of a spin-filtering cycle. The black curve represents
the beam current (left scale), while the red one shows the polarization, induced in
the beam (right scale). With the PAX polarized target on, while the beam current
decreases, the polarization in the beam builds up. At the end of the spin-filtering
cycle, the ANKE cluster target is used and the spin-flipper is switched on three-
times to allow for the measurement of the beam polarization. Cycles with different
orientations of the target holding field (HF) have been performed. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this Letter.)

on and the data acquisition of the beam polarimeter starts.
During the beam polarization measurement, the beam polar-
ization is reversed three times using the spin-flipper. This al-
lows for the determination of the induced beam polarization
within each cycle, thereby reducing systematic errors. The to-
tal duration of the polarization measurement in each cycle was
2500 s.

Spin-filtering cycles have been repeated for different directions
of the target holding fields: up (!) or down ("). A typical spin-
filtering cycle is depicted in Fig. 4.

4.1. Zero measurement

To provide a cross-check for the zero polarization of the detec-
tor, a series of dedicate cycles has been carried out in addition. To
be as close as possible to the experimental conditions of a stan-
dard filtering cycle, the zero measurement cycle reflected exactly
the same sequence of operations, differing only in the number of
injected particles (< 1 · 109), equal to the number of particles in
the ring after spin-filtering and in the duration of the spin-filtering
part (180 s vs 12000 s or 16000 s).

5. Data analysis

As described in Section 2, the effective polarizing cross section
can be derived from the measurement of the rate of polarization
buildup in the stored beam,

!̃1 = dP
dt

1
Q dt f

. (4)

In this section we briefly describe how the individual factors
appearing in Eq. (4) have been determined.

5.1. Polarization buildup

The beam polarization is measured by using p!d elastic scat-
tering. The cross section for the interaction of a transversely polar-
ized proton beam impinging on an unpolarized deuterium target is
given by

d!
d"

(#,$) = d!0

d"

!
1+ P Ay(#)cos$

"
(5)

where d!0
d" is the unpolarized cross section, Ay(#) is the analyzing

power, # and $ are the polar and the azimuthal scattering angle in
the laboratory system, respectively. Precise analyzing power data
are available from [16], and differential cross sections have been
measured at a nearby energy (T p = 46.3 MeV) [17].

Deuterons and protons stopped in the second or third detec-
tor layer can be clearly identified by means of the %E/E method.
Since the data were taken below the pion-production threshold,
an identified deuteron ensures that elastic scattering took place.
In order to distinguish elastically scattered protons from the ones
that stem from deuteron breakup, a cut based on the relation be-
tween deposited energy and scattering angle has been applied. The
contamination of the selected elastic proton sample from protons
originating from pd-breakup events is estimated to be less than 3%.
The presented analysis is based on a total number of 8.6 ·106 iden-
tified deuterons and 1.6 · 106 identified protons.

The beam polarization P is derived from the asymmetry de-
termined using the so-called cross ratio-method [18]. The method
provides a cancellation of all first order false asymmetries caused
by differences in acceptance, e!ciency, and integrated luminosity
in the two detectors. The cross ratio & is defined by means of the
rates Y (#,$)R,L,!," detected in the left (L) and right (R) detectors
for data samples with spin up (!) and down (") beam polariza-
tions,

& =
#

YL!(#,$) · YR"(#,$)

YL"(#,$) · YR!(#,$)
= 1+ P Ay(#)

1# P Ay(#)
. (6)

The asymmetry is defined as

' = & # 1
& + 1

= P Ay$cos$%. (7)

In Eq. (5), the average of the trigonometric function account-
ing for the azimuthal dependence of the analyzing power over the
detector acceptance in the interval #25& < $ < 25& has been ap-
proximated to unity without affecting the measured asymmetry.
The selected events are sorted in bins of 3& width. The polariza-
tion is extracted by scaling the measured asymmetry using a fit
based on a 5th order polynomial of the analyzing power taken
from [16]. As an example, the extracted asymmetries for deuterons
after 12000 s spin-filtering cycle are presented in Fig. 5 (upper
panel) as a function of the deuteron scattering angle in the lab-
oratory system. The plot presents the asymmetry of the detected
deuterons in the range 53& < # < 74& , while it reports the asym-
metry of the reconstructed deuterons from the identified protons
in the range 30& < # < 51& . The line represents the result of the
overall fit.

In order to investigate fake asymmetries as possible sources of
systematic errors, the same analysis procedure has been applied
to the zero measurement, where no spin-filtering took place and
no polarization was induced in the beam (Fig. 5, lower panel). This
measurement can be interpreted as a determination of the system-
atic error of the beam polarization.

The beam polarization obtained from spin-filtering cycles of
different length for the two target spin-orientations is presented
in Fig. 6. The plot presents the total acquired statistics including
events where either a deuteron or a proton from elastic scatter-
ing were identified. We mention here that although the number of
identified protons is about a factor 5 smaller than the number of
identified deuterons, the contributions of the two samples to the
statistical uncertainty are comparable due to the different magni-
tude of the corresponding analyzing powers. Note that a change
in sign of the target polarization, realized by reversing the holding
field, causes a change in sign in the induced beam polarization. In
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Fig. 4. Schematic representation of a spin-filtering cycle. The black curve represents
the beam current (left scale), while the red one shows the polarization, induced in
the beam (right scale). With the PAX polarized target on, while the beam current
decreases, the polarization in the beam builds up. At the end of the spin-filtering
cycle, the ANKE cluster target is used and the spin-flipper is switched on three-
times to allow for the measurement of the beam polarization. Cycles with different
orientations of the target holding field (HF) have been performed. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this Letter.)

on and the data acquisition of the beam polarimeter starts.
During the beam polarization measurement, the beam polar-
ization is reversed three times using the spin-flipper. This al-
lows for the determination of the induced beam polarization
within each cycle, thereby reducing systematic errors. The to-
tal duration of the polarization measurement in each cycle was
2500 s.

Spin-filtering cycles have been repeated for different directions
of the target holding fields: up (!) or down ("). A typical spin-
filtering cycle is depicted in Fig. 4.

4.1. Zero measurement

To provide a cross-check for the zero polarization of the detec-
tor, a series of dedicate cycles has been carried out in addition. To
be as close as possible to the experimental conditions of a stan-
dard filtering cycle, the zero measurement cycle reflected exactly
the same sequence of operations, differing only in the number of
injected particles (< 1 · 109), equal to the number of particles in
the ring after spin-filtering and in the duration of the spin-filtering
part (180 s vs 12000 s or 16000 s).

5. Data analysis

As described in Section 2, the effective polarizing cross section
can be derived from the measurement of the rate of polarization
buildup in the stored beam,

!̃1 = dP
dt

1
Q dt f

. (4)

In this section we briefly describe how the individual factors
appearing in Eq. (4) have been determined.

5.1. Polarization buildup

The beam polarization is measured by using p!d elastic scat-
tering. The cross section for the interaction of a transversely polar-
ized proton beam impinging on an unpolarized deuterium target is
given by

d!
d"

(#,$) = d!0

d"

!
1+ P Ay(#)cos$

"
(5)

where d!0
d" is the unpolarized cross section, Ay(#) is the analyzing

power, # and $ are the polar and the azimuthal scattering angle in
the laboratory system, respectively. Precise analyzing power data
are available from [16], and differential cross sections have been
measured at a nearby energy (T p = 46.3 MeV) [17].

Deuterons and protons stopped in the second or third detec-
tor layer can be clearly identified by means of the %E/E method.
Since the data were taken below the pion-production threshold,
an identified deuteron ensures that elastic scattering took place.
In order to distinguish elastically scattered protons from the ones
that stem from deuteron breakup, a cut based on the relation be-
tween deposited energy and scattering angle has been applied. The
contamination of the selected elastic proton sample from protons
originating from pd-breakup events is estimated to be less than 3%.
The presented analysis is based on a total number of 8.6 ·106 iden-
tified deuterons and 1.6 · 106 identified protons.

The beam polarization P is derived from the asymmetry de-
termined using the so-called cross ratio-method [18]. The method
provides a cancellation of all first order false asymmetries caused
by differences in acceptance, e!ciency, and integrated luminosity
in the two detectors. The cross ratio & is defined by means of the
rates Y (#,$)R,L,!," detected in the left (L) and right (R) detectors
for data samples with spin up (!) and down (") beam polariza-
tions,

& =
#

YL!(#,$) · YR"(#,$)

YL"(#,$) · YR!(#,$)
= 1+ P Ay(#)

1# P Ay(#)
. (6)

The asymmetry is defined as

' = & # 1
& + 1

= P Ay$cos$%. (7)

In Eq. (5), the average of the trigonometric function account-
ing for the azimuthal dependence of the analyzing power over the
detector acceptance in the interval #25& < $ < 25& has been ap-
proximated to unity without affecting the measured asymmetry.
The selected events are sorted in bins of 3& width. The polariza-
tion is extracted by scaling the measured asymmetry using a fit
based on a 5th order polynomial of the analyzing power taken
from [16]. As an example, the extracted asymmetries for deuterons
after 12000 s spin-filtering cycle are presented in Fig. 5 (upper
panel) as a function of the deuteron scattering angle in the lab-
oratory system. The plot presents the asymmetry of the detected
deuterons in the range 53& < # < 74& , while it reports the asym-
metry of the reconstructed deuterons from the identified protons
in the range 30& < # < 51& . The line represents the result of the
overall fit.

In order to investigate fake asymmetries as possible sources of
systematic errors, the same analysis procedure has been applied
to the zero measurement, where no spin-filtering took place and
no polarization was induced in the beam (Fig. 5, lower panel). This
measurement can be interpreted as a determination of the system-
atic error of the beam polarization.

The beam polarization obtained from spin-filtering cycles of
different length for the two target spin-orientations is presented
in Fig. 6. The plot presents the total acquired statistics including
events where either a deuteron or a proton from elastic scatter-
ing were identified. We mention here that although the number of
identified protons is about a factor 5 smaller than the number of
identified deuterons, the contributions of the two samples to the
statistical uncertainty are comparable due to the different magni-
tude of the corresponding analyzing powers. Note that a change
in sign of the target polarization, realized by reversing the holding
field, causes a change in sign in the induced beam polarization. In
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Fig. 4. Schematic representation of a spin-filtering cycle. The black curve represents
the beam current (left scale), while the red one shows the polarization, induced in
the beam (right scale). With the PAX polarized target on, while the beam current
decreases, the polarization in the beam builds up. At the end of the spin-filtering
cycle, the ANKE cluster target is used and the spin-flipper is switched on three-
times to allow for the measurement of the beam polarization. Cycles with different
orientations of the target holding field (HF) have been performed. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this Letter.)

on and the data acquisition of the beam polarimeter starts.
During the beam polarization measurement, the beam polar-
ization is reversed three times using the spin-flipper. This al-
lows for the determination of the induced beam polarization
within each cycle, thereby reducing systematic errors. The to-
tal duration of the polarization measurement in each cycle was
2500 s.

Spin-filtering cycles have been repeated for different directions
of the target holding fields: up (!) or down ("). A typical spin-
filtering cycle is depicted in Fig. 4.

4.1. Zero measurement

To provide a cross-check for the zero polarization of the detec-
tor, a series of dedicate cycles has been carried out in addition. To
be as close as possible to the experimental conditions of a stan-
dard filtering cycle, the zero measurement cycle reflected exactly
the same sequence of operations, differing only in the number of
injected particles (< 1 · 109), equal to the number of particles in
the ring after spin-filtering and in the duration of the spin-filtering
part (180 s vs 12000 s or 16000 s).

5. Data analysis

As described in Section 2, the effective polarizing cross section
can be derived from the measurement of the rate of polarization
buildup in the stored beam,

!̃1 = dP
dt

1
Q dt f

. (4)

In this section we briefly describe how the individual factors
appearing in Eq. (4) have been determined.

5.1. Polarization buildup

The beam polarization is measured by using p!d elastic scat-
tering. The cross section for the interaction of a transversely polar-
ized proton beam impinging on an unpolarized deuterium target is
given by
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1+ P Ay(#)cos$
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(5)

where d!0
d" is the unpolarized cross section, Ay(#) is the analyzing

power, # and $ are the polar and the azimuthal scattering angle in
the laboratory system, respectively. Precise analyzing power data
are available from [16], and differential cross sections have been
measured at a nearby energy (T p = 46.3 MeV) [17].

Deuterons and protons stopped in the second or third detec-
tor layer can be clearly identified by means of the %E/E method.
Since the data were taken below the pion-production threshold,
an identified deuteron ensures that elastic scattering took place.
In order to distinguish elastically scattered protons from the ones
that stem from deuteron breakup, a cut based on the relation be-
tween deposited energy and scattering angle has been applied. The
contamination of the selected elastic proton sample from protons
originating from pd-breakup events is estimated to be less than 3%.
The presented analysis is based on a total number of 8.6 ·106 iden-
tified deuterons and 1.6 · 106 identified protons.

The beam polarization P is derived from the asymmetry de-
termined using the so-called cross ratio-method [18]. The method
provides a cancellation of all first order false asymmetries caused
by differences in acceptance, e!ciency, and integrated luminosity
in the two detectors. The cross ratio & is defined by means of the
rates Y (#,$)R,L,!," detected in the left (L) and right (R) detectors
for data samples with spin up (!) and down (") beam polariza-
tions,

& =
#

YL!(#,$) · YR"(#,$)

YL"(#,$) · YR!(#,$)
= 1+ P Ay(#)

1# P Ay(#)
. (6)

The asymmetry is defined as

' = & # 1
& + 1

= P Ay$cos$%. (7)

In Eq. (5), the average of the trigonometric function account-
ing for the azimuthal dependence of the analyzing power over the
detector acceptance in the interval #25& < $ < 25& has been ap-
proximated to unity without affecting the measured asymmetry.
The selected events are sorted in bins of 3& width. The polariza-
tion is extracted by scaling the measured asymmetry using a fit
based on a 5th order polynomial of the analyzing power taken
from [16]. As an example, the extracted asymmetries for deuterons
after 12000 s spin-filtering cycle are presented in Fig. 5 (upper
panel) as a function of the deuteron scattering angle in the lab-
oratory system. The plot presents the asymmetry of the detected
deuterons in the range 53& < # < 74& , while it reports the asym-
metry of the reconstructed deuterons from the identified protons
in the range 30& < # < 51& . The line represents the result of the
overall fit.

In order to investigate fake asymmetries as possible sources of
systematic errors, the same analysis procedure has been applied
to the zero measurement, where no spin-filtering took place and
no polarization was induced in the beam (Fig. 5, lower panel). This
measurement can be interpreted as a determination of the system-
atic error of the beam polarization.

The beam polarization obtained from spin-filtering cycles of
different length for the two target spin-orientations is presented
in Fig. 6. The plot presents the total acquired statistics including
events where either a deuteron or a proton from elastic scatter-
ing were identified. We mention here that although the number of
identified protons is about a factor 5 smaller than the number of
identified deuterons, the contributions of the two samples to the
statistical uncertainty are comparable due to the different magni-
tude of the corresponding analyzing powers. Note that a change
in sign of the target polarization, realized by reversing the holding
field, causes a change in sign in the induced beam polarization. In
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Although a number of methods to provide polarized antipro-
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0370-2693/$ – see front matter ! 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.10.030

Physics Letters B 718 (2012) 64–69

Contents lists available at SciVerse ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Polarization of a stored beam by spin-filtering

W. Augustyniak a, L. Barion b, S. Barsov c, U. Bechstedt d,e, P. Benati b, S. Bertelli b, V. Carassiti b,
D. Chiladze f, G. Ciullo b, M. Contalbrigo b, P.F. Dalpiaz b, S. Dymov g,h, R. Engels d,e, W. Erwen e,i,
M. Fiorini b, M. Gaisser d,e, R. Gebel d,e, P. Goslaswski j, K. Grigoriev c,d,e, G. Guidoboni b, A. Kacharava d,e,
A. Khoukaz j, A. Kulikov h, H. Kleines i,e, G. Langenberg d,e, A. Lehrach d,e, P. Lenisa b,!, N. Lomidze f,
B. Lorentz d,e, G. Macharashvili h,d,f, R. Maier d,e, B. Marianski a, S. Martin d,e, D. Mchedlishvili f,
S. Merzliakov h,d,e, I.N. Meshkov h, H.O. Meyer k, M. Mielke j, M. Mikirtychiants c,d,e, S. Mikirtychiants c,d,e,
A. Nass d,e, M. Nekipelov d,e, N. Nikolaev d,e,l, M. Nioradze f, D. Oellers b,d,e, M. Papenbrock j,
L. Pappalardo b, A. Pesce b, A. Polyanskiy d,e,m, D. Prasuhn d,e, F. Rathmann d,e, J. Sarkadi d,e, A. Smirnov h,
H. Seyfarth d,e, V. Shmakova h,d, M. Statera b, E. Steffens g, H.J. Stein d,e, H. Stockhorst d,e, H. Straatman n,e,
H. Ströher d,e, M. Tabidze f, G. Tagliente o, P. Thörngren-Engblomb,p, S. Trusov r,q, A. Trzcinski a,
Yu. Valdau d,e,c, A. Vasiliev c, K.M. von Würtemberg s, Chr. Weidemann b,d,e, P. Wüstner i,e, P. Zupranski a

a National Centre for Nuclear Research, 00681 Warsaw, Poland
b Universitá di Ferrara and INFN, 44122 Ferrara, Italy
c St. Petersburg Nuclear Physics Institute, 188350 Gatchina, Russia
d Institut für Kernphysik, Forschungszentrum Jülich GmbH, 52425 Jülich, Germany
e Jülich Center for Hadron Physics, 52425 Jülich, Germany
f High Energy Physics Institute, Tbilisi State University, 0186 Tbilisi, Georgia
g Physikalische Institute II, Universität Erlangen-Nürnberg, 91058 Erlangen, Germany
h Laboratory of Nuclear Problems, Joint Institute for Nuclear Research, 141980 Dubna, Russia
i Zentralinstitut für Elektronik, Forschungszentrum Jülich GmbH, 52425 Jülich, Germany
j Institut für Kernphysik, Universität Münster, 48149 Münster, Germany
k Physics Department, Indiana University, Bloomington, IN 47405, USA
l L.D. Landau Institute for Theoretical Physics, 142432 Chernogolovka, Russia
m Institute for Theoretical and Experimental Physics, 117218 Moscow, Russia
n Zentralabteilung Technologie, Forschungszentrum Jülich GmbH, 52425 Jülich, Germany
o INFN, Sezione di Bari, 70126 Bari, Italy
p Department of Physics, Royal Institute of Technology, SE-10691, Stockholm, Sweden
q Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, 119991 Moscow, Russia
r Institut für Kern- und Hadronenphysik, Forschungszentrum Rossendorf, 01314 Dresden, Germany
s Department of Physics, Stockholm University, SE-10691, Stockholm, Sweden

a r t i c l e i n f o a b s t r a c t

Article history:
Received 23 September 2012
Received in revised form 10 October 2012
Accepted 10 October 2012
Available online 15 October 2012
Editor: D.F. Geesaman

Keywords:
Polarized beams
Storage rings
Antiprotons

The PAX Collaboration has successfully performed a spin-filtering experiment with protons at the COSY-
ring. The measurement allowed the determination of the spin-dependent polarizing cross section, that
compares well with the theoretical prediction from the nucleon–nucleon potential. The test confirms that
spin-filtering can be adopted as a method to polarize a stored beam and that the present interpretation
of the mechanism in terms of the proton–proton interaction is correct. The outcome of the experiment
is of utmost importance in view of the possible application of the method to polarize a beam of stored
antiprotons.

! 2012 Elsevier B.V. All rights reserved.

* Corresponding author.
E-mail address: lenisa@fe.infn.it (P. Lenisa).

1. Introduction

Although a number of methods to provide polarized antipro-
ton beams have been proposed more than 20 years ago [1] and

0370-2693/$ – see front matter ! 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.10.030

Physics Letters B 718 (2012) 64–69

Contents lists available at SciVerse ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Polarization of a stored beam by spin-filtering

W. Augustyniak a, L. Barion b, S. Barsov c, U. Bechstedt d,e, P. Benati b, S. Bertelli b, V. Carassiti b,
D. Chiladze f, G. Ciullo b, M. Contalbrigo b, P.F. Dalpiaz b, S. Dymov g,h, R. Engels d,e, W. Erwen e,i,
M. Fiorini b, M. Gaisser d,e, R. Gebel d,e, P. Goslaswski j, K. Grigoriev c,d,e, G. Guidoboni b, A. Kacharava d,e,
A. Khoukaz j, A. Kulikov h, H. Kleines i,e, G. Langenberg d,e, A. Lehrach d,e, P. Lenisa b,!, N. Lomidze f,
B. Lorentz d,e, G. Macharashvili h,d,f, R. Maier d,e, B. Marianski a, S. Martin d,e, D. Mchedlishvili f,
S. Merzliakov h,d,e, I.N. Meshkov h, H.O. Meyer k, M. Mielke j, M. Mikirtychiants c,d,e, S. Mikirtychiants c,d,e,
A. Nass d,e, M. Nekipelov d,e, N. Nikolaev d,e,l, M. Nioradze f, D. Oellers b,d,e, M. Papenbrock j,
L. Pappalardo b, A. Pesce b, A. Polyanskiy d,e,m, D. Prasuhn d,e, F. Rathmann d,e, J. Sarkadi d,e, A. Smirnov h,
H. Seyfarth d,e, V. Shmakova h,d, M. Statera b, E. Steffens g, H.J. Stein d,e, H. Stockhorst d,e, H. Straatman n,e,
H. Ströher d,e, M. Tabidze f, G. Tagliente o, P. Thörngren-Engblomb,p, S. Trusov r,q, A. Trzcinski a,
Yu. Valdau d,e,c, A. Vasiliev c, K.M. von Würtemberg s, Chr. Weidemann b,d,e, P. Wüstner i,e, P. Zupranski a

a National Centre for Nuclear Research, 00681 Warsaw, Poland
b Universitá di Ferrara and INFN, 44122 Ferrara, Italy
c St. Petersburg Nuclear Physics Institute, 188350 Gatchina, Russia
d Institut für Kernphysik, Forschungszentrum Jülich GmbH, 52425 Jülich, Germany
e Jülich Center for Hadron Physics, 52425 Jülich, Germany
f High Energy Physics Institute, Tbilisi State University, 0186 Tbilisi, Georgia
g Physikalische Institute II, Universität Erlangen-Nürnberg, 91058 Erlangen, Germany
h Laboratory of Nuclear Problems, Joint Institute for Nuclear Research, 141980 Dubna, Russia
i Zentralinstitut für Elektronik, Forschungszentrum Jülich GmbH, 52425 Jülich, Germany
j Institut für Kernphysik, Universität Münster, 48149 Münster, Germany
k Physics Department, Indiana University, Bloomington, IN 47405, USA
l L.D. Landau Institute for Theoretical Physics, 142432 Chernogolovka, Russia
m Institute for Theoretical and Experimental Physics, 117218 Moscow, Russia
n Zentralabteilung Technologie, Forschungszentrum Jülich GmbH, 52425 Jülich, Germany
o INFN, Sezione di Bari, 70126 Bari, Italy
p Department of Physics, Royal Institute of Technology, SE-10691, Stockholm, Sweden
q Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, 119991 Moscow, Russia
r Institut für Kern- und Hadronenphysik, Forschungszentrum Rossendorf, 01314 Dresden, Germany
s Department of Physics, Stockholm University, SE-10691, Stockholm, Sweden

a r t i c l e i n f o a b s t r a c t

Article history:
Received 23 September 2012
Received in revised form 10 October 2012
Accepted 10 October 2012
Available online 15 October 2012
Editor: D.F. Geesaman

Keywords:
Polarized beams
Storage rings
Antiprotons

The PAX Collaboration has successfully performed a spin-filtering experiment with protons at the COSY-
ring. The measurement allowed the determination of the spin-dependent polarizing cross section, that
compares well with the theoretical prediction from the nucleon–nucleon potential. The test confirms that
spin-filtering can be adopted as a method to polarize a stored beam and that the present interpretation
of the mechanism in terms of the proton–proton interaction is correct. The outcome of the experiment
is of utmost importance in view of the possible application of the method to polarize a beam of stored
antiprotons.

! 2012 Elsevier B.V. All rights reserved.

* Corresponding author.
E-mail address: lenisa@fe.infn.it (P. Lenisa).

1. Introduction

Although a number of methods to provide polarized antipro-
ton beams have been proposed more than 20 years ago [1] and

0370-2693/$ – see front matter ! 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.physletb.2012.10.030

W. Augustyniak et al. / Physics Letters B 718 (2012) 64–69 69

Fig. 7. Measured spin-dependent polarizing cross section for the interaction (only
statistical errors are shown). The solid line represents the prediction from the SAID
database. The prediction are basically independent from the ring-acceptance in the
interval of values interested by the TSR and COSY rings.

5.3. Target thickness

The target thickness has been measured using the beam energy
loss method which in turn is deduced from a shift of the orbit
frequency of the coasting beam [21],

dt = (5.5± 0.2) · 1013 atoms
cm2 . (11)

6. Result and discussion

By substituting the results of the previous Section in Eq. (4),
together with the revolution frequency f of 510032 Hz in the ring
at the experiment energy of T p = 49.3 MeV, we finally obtain:

!̃meas
1 = !23.4±3.9 (stat.)

±1.9 (syst.) mb. (12)

The measured cross section can be compared to the predicted
one, based on the present knowledge of the pp spin-dependent
interaction as given in the SAID data base. In particular, the theo-
retical value of the effective polarizing cross section !̃ theor

1 can be
obtained by [5]:

!̃ theor
1 = 2"

"/2!

#acc

1
2
(A00nn + A00ss)

d!0

d$
sin # d# = !26.9 mb. (13)

The spin-correlation factors in Eq. (13) are taken from the SAID
database [22]. The acceptance angle #acc of the COSY ring has
been directly measured by a movable frame system installed at the
PAX interaction point prior to the spin-filtering measurements. The
measured acceptance angle at the position of the target amounts
to: #acc = 6.15 ± 0.17 mrad [23].

The spin-dependent cross-section measured at COSY is pre-
sented in Fig. 7 together with the other existing measurement
performed by the FILTEX collaboration [6]. The solid line repre-
sents the theoretical prediction from the SAID data base. The good
agreement between measurement and theory confirms that spin-
filtering of a stored proton beam is well-described taking into ac-
count the contributions from proton–proton scattering [7–9].

It should be noted that the polarization buildup rates in the TSR
experiment were about a factor seven larger than in the present
COSY experiment (3.6 · 10!6 s!1 vs 4.8 · 10!7 s!1). On the one
hand, the polarizing cross section in the spin-filtering experiment
at COSY is about a factor three smaller (see Fig. 7), on the other,
COSY is about three times larger in circumference than the TSR,

hence the smaller revolution frequency f reduces further the rate
of polarization buildup (see Eq. (3)). The different acceptances of
the TSR and COSY rings (4.4 mrad vs 6.1 mrad) do not appreciably
influence the polarizing cross section.

7. Conclusions

The PAX Collaboration has successfully completed a spin-
filtering experiment using a beam of protons at COSY. The mea-
surement has allowed the extraction of the polarizing cross-section
in proton–proton interactions and represents a milestone in the
field. It confirms that spin-filtering can be effectively used to po-
larize a stored beam in situ and that our understanding of the
mechanism in terms of the proton–proton interaction is correct:
the predictions are in excellent agreement with the available data.
The achievement is of fundamental importance in view of the
possible application of the method to polarize a beam of stored
antiprotons. In this respect, the existing theoretical predictions for
the polarization buildup with antiprotons are affected by the lack
of knowledge of the proton–antiproton interactions and differ by
more than a factor 2 [8,24]. For this reason, a direct measurement
of the polarizing cross sections in proton–antiproton interactions
constitutes an inevitable step towards the design of dedicated po-
larizer ring [25].
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Fig. 5. Upper panel: Measured asymmetry from spin-filtering with different orienta-
tions of the target polarization for the 12000 s filtering cycle. The asymmetry for the
detected deuterons is presented in the range 53! < ! < 74! , while the asymmetry
of the reconstructed deuterons from the identified elastic protons is reported in the
range 30! < ! < 51! . Lower panel: Result of the analysis of runs where no beam po-
larization was induced by making the filtering time very short (zero measurement).
The green circles and blue squares indicate positive and negative orientations of the
target holding field and consequently of the target polarization. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this Letter.)

Fig. 6. Polarization induced in the beam after filtering for different times and differ-
ent signs of the target polarization. The induced polarization in the beam has the
same sign as the target polarization, reflecting the negative sign of the polarizing
cross section.

particular, a positive target polarization induces a positive polariza-
tion buildup in the stored beam and vice versa. This is a reflection
of the negative value of the polarizing cross-section "̃1.

A linear fit to the five points shown in Fig. 6 allows us to de-
termine dP

dt = (4.8 ± 0.8) · 10"7 s"1.

5.2. Target polarization

The polarized target ran smoothly and reliably delivered a sta-
ble performance over time. The average target polarization Q can
be expressed through

Q = #Pat, (8)

where # is the hydrogen atomic fraction, given by

# = nH

nH + 2nH2

(9)

and Pat is the atomic polarization, given by

Pat = nH# " nH$
nH# + nH$

. (10)

After injection into the target cell, the polarized atoms undergo
collisions with the walls of the target cell that can cause recom-
bination and depolarization. The magnitude of the average target
polarization Q , as seen by the proton beam passing through the
cell is limited between the polarization value of atoms injected
into the cell from the atomic beam source (upper bound: Q inj),
and the value determined by the target polarimeter (lower bound:
Q meas). Due to the geometry of the storage cell and the sample
tube, the measured gas sample undergoes more than 1000 wall
collisions before it leaves the sampling tube, while there are only
about 300 wall collisions in the cell tube itself.

• Injected polarization into the cell from the ABS (Q inj).
The value of the atomic fraction of the particles injected into
the storage cell from the ABS is #inj = 0.93 ± 0.03 [11]. By
adopting the ABS sextupole transmissions, measured in [11]
and an e!ciency of 0.98 for the m23 transition adopted to
select the hydrogen hyperfine state |1 > used in the measure-
ment, we obtain for the polarization of the atoms injected into
the cell a value of P inj

at = 0.85 ± 0.01. Combining the two val-
ues mentioned above, we obtain the total polarization of the
particles injected into the cell Q inj = #inj P inj

at = 0.79 ± 0.03.
We note here that the hydrogen molecule formed by recombi-
nation on the storage cell walls of polarized atoms, can retain
the nuclear polarization and this can in principle affect the tar-
get polarization [19,20]. Actually, under the weak holding field
conditions of the present experiment, the molecular polariza-
tion can be assumed to be negligible (see Fig. 2 of Ref. [19]).

• Measured target polarization (Q meas).
The atomic fraction was continuously monitored by the Tar-
get Gas Analyzer (TGA) during the measurement, and the
observed values were stable within ±0.01 with a central
value #TGA = 0.85 ± 0.01. The atomic polarization was con-
tinuously monitored during the measurement as well, and the
observed value was stable within ±0.01 with a central value
of PBRP

at = 0.79 ± 0.01. Combining the two above-mentioned
values, we obtain the measured total target polarization of
Q meas = #TGA PBRP

at = 0.671 ± 0.014.
• Estimation of the average polarization in the cell.

Without making any assumption about the status of the cell
surface, the average target polarization as seen by the stored
beam passing through the storage cell Q can be assumed to
be between the injected and measured values 0.67 = Q meas <
Q < Q inj = 0.79. By assuming the most probable, uniform dis-
tribution in this interval, we obtain Q = 0.73 ± 0.05.
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Elastic p̄d scattering is studied within the Glauber theory based on the single- and double p̄N scattering
mechanisms. The full spin dependence of the elementary p̄N scattering amplitudes is taken into account and
both the S- and D-wave components of the deuteron are considered. The treatment of the spin dependence is done
in a (properly modified) formalism developed recently by Platonova and Kukulin for the pd ! pd scattering
process. Predictions for differential cross sections and the spin observables Ad

y , Ap̄
y , Axx , Ayy are presented for

antiproton beam energies between 50 and 300 MeV, using amplitudes generated from the N̄N interaction model
developed by the Jülich group. Total polarized cross sections are calculated utilizing the optical theorem. The
efficiency of the polarization buildup for antiprotons in a storage ring is investigated.

DOI: 10.1103/PhysRevC.87.054003 PACS number(s): 25.10.+s, 25.40.Qa, 25.45."z

I. INTRODUCTION

The present investigation is motivated by the plans of the
PAX Collaboration [1] to measure the transversity of the proton
(antiproton) in double-polarized Drell-Yang processes at an
upgrade of the FAIR facility in Darmstadt. In order to achieve
this aim an intense polarized beam of antiprotons is required. A
possibility to overcome the experimental challenge to obtain
such a polarized beam is seen in scattering of antiprotons
off a polarized 1H target in rings [2]. Analogous experiments
performed for the proton case by the FILTEX Collaboration [3]
at 23 MeV and a recent COSY study where protons were
scattering off a polarized hydrogen at 49 MeV [4] showed
that indeed a polarized (proton) beam can be achieved via the
so-called spin-filtering effect, i.e. by exploiting the fact that
via the scattering process protons are removed (lost) from the
ring at different rates for different initial polarization states
[3]. According to theoretical interpretations [5] of the data
[3,4], the polarization buildup effect appears solely due to the
hadronic interaction of the incoming proton with the target.

Whereas the spin dependence of the nucleon-nucleon (NN )
interaction is very well known at the considered energies,
which allows one to calculate reliably the spin-filtering effect
for protons, there is practically no corresponding information
for the antiproton-nucleon (N̄N ) interaction. For this reason a
test experiment for the spin-filtering effect in the antiproton-
hydrogen interaction is planned at the AD ring at the CERN
facility [6,7].

In view of the unknown spin dependence of the p̄N
interaction, the interaction of antiprotons with a polarized
deuteron is also of interest for the issue of the antiproton
polarization buildup. This option was discussed in a previous
paper by us [8]. In that work the single-scattering approx-
imation was used for the calculation of the polarized total
p̄d cross sections for energies in the region 50–300 MeV.
The spin dependence of the elementary p̄N amplitudes was
taken into account in this approximation only in collinear
kinematics using the N̄N interaction model of the Jülich

group [9–12]. The p̄N double-scattering effects were only
accounted for in the computation of the unpolarized total and
differential cross sections, and were found to be in the order
of 10%–15% [8]. Spin observables for p̄d elastic scattering
and shadowing effects (double scattering) in polarized total
cross sections were not considered in that work. A calculation
of such observables, including double-scattering effects, is the
main aim of the present work. Indeed corresponding results are
certainly desirable, specifically in view of the prospect that a
discrimination of existing models of the p̄N interaction could
be feasible on the basis of a comparison with expected data [7].
Antiproton polarization buildup in the context of p̄d scattering
was also studied in a recent work by Salnikov [13], utilizing
the results from the Nijmegen p̄p partial wave analysis [14]
from 1994. (Note that an updated partial wave analysis has
been presented recently by Zhou and Timmermans [15].)

In the present paper we consider elastic p̄d scattering
within the Glauber theory of multistep scattering [16–18],
taking into account the full spin dependence of the elementary
p̄N scattering amplitudes. There are several studies of the
accuracy of the Glauber theory in the literature [19–24] which
demonstrate that corrections to the eikonal approximation,
which is the basis of this theory, are small in the region
of intermediate energies about #1 GeV. The reliability of
the Glauber approach at intermediate energies was studied
recently in Ref. [25] via a comparison with rigorous Faddeev
calculations for the case of identical spinless bosons interacting
by means of a simple Malfliet-Tjon interaction potential. The
results of Ref. [25] for such a “bosonic” nd system show
that even at rather low energies, 100–200 MeV, the difference
between the Faddeev and the Glauber calculations is just
about 10%–15% for the total cross section. Rather good
agreement was found also for the differential cross section in
the forward hemisphere, excluding the region of the diffraction
minimum [25].

For antiproton-nucleus scattering the Glauber theory can
be applied at lower energies [26,27] as compared to the
proton-nucleus reaction. The amplitude for elastic scattering
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FIG. 14. (Color online) Dependence of the longitudinal [P||,
panel (a)] and transverse [P!, panel (b)] polarization on the beam
energy. Same description of curves as in Fig. 11. The acceptance
angle is 20 mrad.

! · k̂ = 0 (P!). One can see that, in general, the polarization
efficiency increases with increasing energy. For longitudinal
polarization maximal values of about 10%–15% are predicted
above 150 MeV; see Fig. 14(a). The transverse polarization
degree is smaller than the longitudinal one for both models A
and D. Of course, as was already pointed out in our earlier
works [8,44], there is a significant model dependence in the
predictions for both polarization cases.

Obviously, the inclusion of the DS mechanism leads to a
decrease of the longitudinal P|| as well as of the transverse
P! polarization efficiencies by about 20%–30% as compared
to the SS mechanism alone [33]. Nevertheless, for both

considered models the magnitude of the spin-dependent cross
sections is still comparable or even larger than those for
p̄p [8,43,44]. In this context let us also mention that the values
for the polarization degree we obtained are somewhat smaller
than those presented in [13], based on the Nijmegen N̄N partial
wave analysis [14] from 1994.

Finally, in Fig. 15 we document the dependence of the
quantities P|| and P! on the acceptance angle. As expected,
in general the polarization degree increases with increasing
acceptance angle. But the variations themselves are not too
dramatic.

IV. SUMMARY

In the present work we analyzed the role of the spin
dependence of the p̄N amplitude in elastic p̄d scattering
for energies of 50–300 MeV of the incident antiproton on
the basis of the Glauber theory. In the actual calculations
we utilized elementary p̄N amplitudes generated from the
Jülich N̄N model [11]. The S- and D-wave components of the
deuteron were included in the calculation and the single- and
double-scattering mechanisms were taken into account.

Since some of the spin-dependent amplitudes exhibit a non-
diffractive behavior we performed various test calculations in
order to pin down the angular range where the Glauber theory
can be reliably applied. Thereby, it turned out that this approach
works rather well for the region of the forward peak, over the
whole considered energy region. Obviously, for the considered
p̄N models those amplitudes with nondiffractive character are
fairly small as compared to the dominant spin-independent
amplitude (with a pronounced diffractive behavior) so that the
former do not spoil the applicability of the Glauber theory.
This means, in turn, that the approach can be used safely for
the calculation of the total spin-dependent p̄d cross sections
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FIG. 15. (Color online) Dependence of the longitudinal [P||, panels (a) and (b)] and transverse [P!, panels (c) and (d)] polarization on
the acceptance angle, for the N̄N model A [(a) and (c)] and model D [(b) and (d)]. The dashed, solid, and dash-dotted curves are results for
acceptance angles of 10, 20, and 30 mrad, respectively.
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Polarization observables in low-energy antiproton-proton scattering
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We investigate the polarization parameters in low-energy antiproton-proton elastic (pp ! pp) and charge-
exchange (pp ! nn) scattering. The predictions for unmeasured observables are based on our new energy-
dependent partial-wave analysis of all antiproton-proton scattering data below 925 MeV/c antiproton laboratory
momentum, which gives an optimal description of the existing database. Sizable and remarkable spin effects
are observed, in particular for charge-exchange scattering. These result from the spin dependence of the long-
and medium-range one- and two-pion exchange antinucleon-nucleon potential and the state dependence of the
parametrized short-range interaction. We study the possibility of polarizing a circulating antiproton beam with
a polarized proton target by exploiting the spin dependence of the pp total cross section. It appears feasible to
achieve a significant transverse polarization of an antiproton beam within a reasonable time.

DOI: 10.1103/PhysRevC.87.054005 PACS number(s): 13.75.Cs, 11.80.Et, 24.70.+s, 12.39.Fe

I. INTRODUCTION

The invention of stochastic cooling by van der Meer made it
possible to accumulate antiprotons in a high-quality beam [1].
As a result, the antinucleon-nucleon (NN ) interaction could
be studied at the Low Energy Antiproton Ring (LEAR) at
CERN. Experimental data of good quality could be obtained
down to antiproton momenta of about 200 MeV/c. The ob-
servables measured were mostly differential cross sections for
antiproton-proton elastic (pp ! pp) and charge-exchange
(pp ! nn) scattering. With a polarized proton target the
analyzing power for elastic [2–5] and charge-exchange [6–9]
scattering was measured for a number of antiproton momenta,
and initial data for the depolarization parameter in elastic
[10] and charge-exchange [11,12] scattering and for the
spin-transfer parameter in charge-exchange [13] scattering
were acquired. It has always been a dream of the antiproton
physics community to have available a high-quality polarized
antiproton beam. In recent years, definite plans have been
proposed for a physics program with polarized antiprotons,
for instance by the collaboration for Polarized Antiproton
eXperiments (PAX) [14,15]. Experiments with a polarized
antiproton beam and a polarized proton target would give
full access to the complicated spin dependence of the
NN interaction and could help to unveil the spin structure
of the (anti)proton and test predictions of nonperturbative
QCD.

In this article, we present theoretical predictions for spin
observables in pp elastic and charge-exchange scattering.
Our results are based on the recent new energy-dependent
partial-wave analysis (PWA) [16] that we performed of all
pp scattering data below 925 MeV/c. The method of PWA
was originally developed for pp and np scattering [17–23]
and enabled major steps forward for the field of few-nucleon
physics [24,25]. It was adapted to pp ! pp, nn scattering in
Refs. [26–28] and to the hyperon production reactions pp !
YY in Refs. [29–32]. The PWA exploits as much as possible
our knowledge of the long-range interaction to describe the
energy dependence of the (spin-dependent) scattering ampli-
tude, while the unknown short-range interaction that gives

only slow energy variations to the amplitudes is parametrized
phenomenologically. In this way, a model-independent and
high-quality description of the scattering data is realized, and
the predictive power for thus-far unmeasured observables is
optimal [28].

In Ref. [16] the long-range part of the strong pp interaction
is described by the one-pion and two-pion exchange interac-
tions derived from the effective chiral Lagrangian of QCD.
Notable features are a strong central attraction in the elastic
pp ! pp channel and a strong tensor force, in particular
for charge-exchange pp ! nn scattering. The short-range
part of the interaction, including the coupling of the pp, nn
system to the mesonic annihilation channels, is parametrized
by a complex, energy-dependent boundary condition at r =
1.2 fm. The PWA describes the existing pp database, which
contains 3749 scattering data with an excellent !2

min/Ndf =
1.048, where Ndf = 3578 is the number of degrees of
freedom.

The organization of our paper is as follows: In Sec. II we
explore the various polarization observables in elastic and
charge-exchange scattering and the predictions of the PWA.
We exhibit some sizable spin effects that could, for instance,
be exploited experimentally to produce polarized antineutrons.
Our study is similar in spirit to that of Ref. [33], in which spin
observables were discussed qualitatively before LEAR came
into operation by using a simple optical-potential model. In
Sec. III, we discuss how to exploit the spin dependence of the
pp interaction to polarize a low-energy antiproton beam. We
summarize in Sec. IV.

II. SPIN OBERVABLES

The scattering formalism that we use is standard (see for in-
stance Refs. [34–39]). Because the strong and electromagnetic
interactions obey the discrete symmetries charge-conjugation,
parity, and time-reversal invariance, the NN scattering ob-
servables can be calculated as a function of the scattering
angle in the center-of-mass system in terms of five (for the
elastic case) or six (for the charge-exchange case) independent
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FIG. 15. (Color online) The total cross sections !tot, the interference cross sections ! int
tot , the differences of the transverse and longitudinal

cross sections, "!! and "!" , and the polarizations P! and P" at time t0. The solid red, dotted blue, dot-dashed green, and double-dotted orange
lines show the results for # lab

acc = 5, 10, 20, and 30 mrad, respectively.

In Fig. 14, the optimal time t0 as a function of laboratory
momentum is plotted for the typical values n = 1014 cm#2

and f = 106 s#1 and for acceptance angles # lab
acc = 5, 10, 20,

and 30 mrad in the laboratory frame (with the assumption that

PT = 1). We find that t0 is of the order of several tens of hours
for the momenta and the acceptance angles considered.

In Fig. 15 the integrated cross sections, the integrated
Coulomb-nuclear interference cross sections, and the beam
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FIG. 15. (Color online) The total cross sections !tot, the interference cross sections ! int
tot , the differences of the transverse and longitudinal

cross sections, "!! and "!" , and the polarizations P! and P" at time t0. The solid red, dotted blue, dot-dashed green, and double-dotted orange
lines show the results for # lab

acc = 5, 10, 20, and 30 mrad, respectively.

In Fig. 14, the optimal time t0 as a function of laboratory
momentum is plotted for the typical values n = 1014 cm#2

and f = 106 s#1 and for acceptance angles # lab
acc = 5, 10, 20,

and 30 mrad in the laboratory frame (with the assumption that

PT = 1). We find that t0 is of the order of several tens of hours
for the momenta and the acceptance angles considered.

In Fig. 15 the integrated cross sections, the integrated
Coulomb-nuclear interference cross sections, and the beam

054005-11

POLARIZATION OBSERVABLES IN LOW-ENERGY . . . PHYSICAL REVIEW C 87, 054005 (2013)

102

103

104

105

106

 0  200  400  600  800  1000

! t
ot

 (m
b)

plab(MeV/c)

(a)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

102

103

104

105

106

 0  200  400  600  800  1000

! t
ot

 (m
b)

plab(MeV/c)

(a)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

-400

-300

-200

-100

 0

 100

 0  200  400  600  800  1000

! t
otin
t  (m

b)

plab(MeV/c)

(b)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

-400

-300

-200

-100

 0

 100

 0  200  400  600  800  1000

! t
otin
t  (m

b)

plab(MeV/c)

(b)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

-80

-60

-40

-20

 0

 20

 0  200  400  600  800  1000

#!
$ 

(m
b)

plab(MeV/c)

(c)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

-80

-60

-40

-20

 0

 20

 0  200  400  600  800  1000

#!
$ 

(m
b)

plab(MeV/c)

(c)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

-20

 0

 20

 40

 60

 80

 100

 0  200  400  600  800  1000

#!
$in

t  (m
b)

plab(MeV/c)

(d)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

-20

 0

 20

 40

 60

 80

 100

 0  200  400  600  800  1000

#!
$in

t  (m
b)

plab(MeV/c)

(d)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

-20

 0

 20

 40

 60

 80

 0  200  400  600  800  1000

#!
|| (

m
b)

plab(MeV/c)

(e)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

-20

 0

 20

 40

 60

 80

 0  200  400  600  800  1000

#!
|| (

m
b)

plab(MeV/c)

(e)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

-20

 0

 20

 40

 60

 0  200  400  600  800  1000

#!
||in

t  (m
b)

plab(MeV/c)

(f)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

-20

 0

 20

 40

 60

 0  200  400  600  800  1000

#!
||in

t  (m
b)

plab(MeV/c)

(f)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0  200  400  600  800  1000

P
$

plab(MeV/c)

(g)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0  200  400  600  800  1000

P
$

plab(MeV/c)

(g)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

-0.05

 0

 0.05

 0.1

 0  200  400  600  800  1000

P
||

plab(MeV/c)

(h)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

-0.05

 0

 0.05

 0.1

 0  200  400  600  800  1000

P
||

plab(MeV/c)

(h)

"acc
lab = 5 mrad

"acc
lab = 10 mrad

"acc
lab = 20 mrad

"acc
lab = 30 mrad

FIG. 15. (Color online) The total cross sections !tot, the interference cross sections ! int
tot , the differences of the transverse and longitudinal

cross sections, "!! and "!" , and the polarizations P! and P" at time t0. The solid red, dotted blue, dot-dashed green, and double-dotted orange
lines show the results for # lab

acc = 5, 10, 20, and 30 mrad, respectively.

In Fig. 14, the optimal time t0 as a function of laboratory
momentum is plotted for the typical values n = 1014 cm#2

and f = 106 s#1 and for acceptance angles # lab
acc = 5, 10, 20,

and 30 mrad in the laboratory frame (with the assumption that

PT = 1). We find that t0 is of the order of several tens of hours
for the momenta and the acceptance angles considered.

In Fig. 15 the integrated cross sections, the integrated
Coulomb-nuclear interference cross sections, and the beam
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Figure 22: After the installation of two gate valves, six aditional quadrupole magnets will be
installed in phase 1. During the commissioning of the low–! section, the central quadrupole
magnet QN15 will remain in place.

After the new magnets have been successfully commissioned, providing the usual AD op-
eration, additional machine development is necessary to operate the new quadrupole magnets
with minimal !–functions for the PAX experiment. The installation of NEG coated beam
tubes inside the additional six quadrupole magnets of the low–! insertion shall be carried out
already when the magnets are installed, although the additional pumping capacities are only
required later in phase 2. Ideally, after the machine development is accomplished, it should
be possible to switch the AD optics back and forth on short notice from the regular machine
optics, providing extracted beams, to the machine operation required by PAX.

If the new six quadrupole magnets would be installed in the coming winter shutdown
2009–2010, we estimate that one year of parasitic machine development would be su!cient.
The machine could then be ready at the end of 2010 for the new tasks involved in the
measurements proposed here.

6.1.2 Phase 2: Commissioning of the experimental setup

Once phase 1 is successfully implemented, the central quadrupole magnet QN15 can be re-
moved without risk and the target chamber can be installed. The experimental setup available
at this point is shown in Fig. 23.

Phase 2 is composed of two parts. During the first part, in phase 2a, once the target
chamber is installed at the AD, two important machine aspects related to the measurements
proposed here can already be addressed without the PIT installed at the AD. The second
part, phase 2b, addresses first measurements using the polarized target.

PAX@AD/CERN 

ELENA  Home

ELENA Project 
 

ELENA is a compact ring for cooling and further deceleration of 5.3 MeV antiprotons delivered by the CERN Antiproton
Decelerator. The AD physics program is focused on trapping antiprotons in Penning traps where antihydrogen is
formed after recombination with positrons. The ultimate physics goal is to perform spectroscopy on antihydrogen
atoms at rest and to investigate the effect of the gravitational force on matter and antimatter.

In today’s set-up, most (99.9%) of the antiprotons produced are lost due to the use ofdegrader foils needed to
decelerate them from the AD ejection energy down to around 5 keV; an energy suitable for trapping. By using a ring
equipped with beam cooling, high deceleration efficiency and an important increase in phase-space density can be
obtained, resulting in an increased number of trapped antiprotons. For the ATRAP and ALPHA experiments,
improvements of up to 2 orders of magnitude can be expected. The same holds for the AEGIS experiment which is
currently being installed and has foreseen to also use a thick degrader to reduce the antiproton energy. ASACUSA, on
the other hand, presently uses an RFQD for deceleration to 100 keV followed by an ultra-thin degrader (1 micron
thick) for deceleration to 5 keV. In this case a 10-fold increase in the trapping efficiency can be expected primarily due
to reduced transverse and longitudinal emittances. ASACUSA will also benefit from more real physics beam time as in
the present situation tuning of the RFQD is very delicate and time consuming.
 
In addition to the increased number of antiprotons, ELENA will be able to deliver beams almost simultaneously to all
four experiments resulting in an essential gain in total beam time for each experiment. This also opens up the
possibility to accommodate an extra experimental zone.
 
With a circumference of about 30 m, ELENA can be located in the AD hall where assembly and commissioning would
not disturb the current AD operation.
 
Decelerating to these low energies is new and will be very challenging both in the design of the different elements and
for the operation of the ring. ELENA will provide a unique facility that will deliver low energy antiproton beams of the
highest quality.
 

Overwiew

ELENA is to be located inside of AD Hall with a circumference as small as possible to minimize space requirements and
to reduce intensity limitations due to the space-charge induced tune shift. The new ring is located such that its
assembly and commissioning will have a negligible impact on the current AD operation. In fact, the commissioning of
the ELENA ring could take place in parallel with the present physics program with short periods dedicated to
commissioning during the physics run.
The AD experimental area layout will not be significantly modified, but the much lower beam energies require the
design and construction of completely new electrostatic transfer lines.
 
The new ELENA location has been chosen based on:

Modifications to the ELENA circumference and ring layout as compared to the study presented in 2007 (CERN-
AB-2007-079).
Use of the existing AD ejection line for the transfer of antiprotons from AD to ELENA.
Possibility to install an additional optional ELENA ejection line and a new experimental area to serve future
experiment(s).
Considerations for safety and crane access.
Location of the new AEGIS experiment.
Minimizing the cost and complications of creating floor space.

 

 

 

 

 

News: 

25-07-2011 ELENA prepares a bright future for antimatter research
24-10-2011 Deceleration project bursts out of the starting-blocks
03-05-2013 IPAC 13 Progress in the ELENA design

 

Experiments:

ACE – Antiproton Cell Experiment
AEgIS – Antihydrogen Experiment: Gravity, Interferometry, Spectroscopy
ALPHA – Antihydrogen Laser PHysics Apparatus
ASACUSA – Atomic Spectroscopy And Collisions Using Slow Antiprotons
ATRAP – Antihydrogen TRAP
GBAR - Gravitational Behaviour of Antihydrogen at Rest
BASE - Baryon Antibaryon Symmetry Experiment

Futur experiments (not yet approved):

ReMi - Reaction Microscope
 

 

ELENA - Home https://espace.cern.ch/elena-project/SitePages/Home.aspx

1 of 1 6/5/13 11:12 AM
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PAX target section	


Stepwise approach	




PAX@AD/CERN  
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Atomic Beam Source 

Six additional quadrupoles 
Breit-Rabi 

Polarimeter 

Target chamber with 
detector system + storage cell 

x,y,z guide field coils 
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Atomic Beam Source 

Six additional quadrupoles 
Breit-Rabi 

Polarimeter 

Target chamber with 
detector system + storage cell 

x,y,z guide field coils 
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PAX detector development 
COSY & AD 
V. Carassiti, P. Lenisa	


cooling	


support	


kapton	
Detection system optimized for  
spin-filtering of antiprotons 
 
Measure φ-dependence  
of spin observables 
 
Versatile for other  
experiments e.g.  
pd breakup  
All 22 independent  
observables accessible 



PAX detector development 
COSY & AD 
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Detector setup front view 

Inward 
ring	


3 detector layers 
φ-symmetric  
4 quarters   

Hermes 300 μm	
 PAX 300 μm	
 PAX 1.5 mm	


V. Carassiti, P. Lenisa	


Double-sided silicon strip sensors	

Pitch 0.7 mm à vertex resolution ≤ 1mm	




PAX@FAIR  
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PAX proposal for FAIR – fixed target mode 

• dfd 
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APR: 
Dedicated 
Antiproton 
Polarizer 

Ring 

APR 

ESR 



PAX proposal for HESR upgrade 

• polarized antiproton-proton collider 
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Summary –  
Missing tool – Polarized antiprotons 

² Achievements by the PAX Collaboration 
ü Commissioned the new PAX facility at COSY for implementation 
at CERN/AD 

ü Disproven the usefulness of a co-moving polarized lepton beam 
as polarizer of hadron beam “spin flip method” 

ü Confirmed the spin filtering method as the viable method for 
polarization of a stored hadron beam “spin filter method” 

q PAX@CERN/AD - measurement of the spin-dependent pbar-p 
interaction is mandatory as a first step towards polarized 
antiprotons 

q NuPECC LRP2010/Future Facilities:”...specifically promote à 
The Technical Design Study for a polarised proton-antiproton, 
PAX ...collider …at FAIR.” 
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PAX in parallel –  
spin and precision as selection tools 

• TRIC - Time Reversal Invariance at COSY [Prop. 215] 
-  Test of Time-Reversal Invariance in Proton-

Deuteron Scattering at COSY 
-  Spokespersons: 
P.D. Eversheim, B. Lorentz and Yu. Valdau  
 

• Spin observables in a complete double-polarized proton 
deuteron breakup experiment [Prop 202.1]  
-  For testing chiral effective field theory   
-  As precursor of other forefront measurements with 

similar equipment 
-  Measurement of Spin Observables in the pd 

Breakup Reaction Spokesperson: P.T.E 
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PAX in parallel: search for a permanent 
electric dipole – violating time & parity 

• EDM@COSY  
• Spokespersons: Ed Stephenson & Paolo Lenisa 

-  Extending the In-Plane Spin Coherence Time 
of a Polarized Deuteron Beam in a Storage 
Ring Using Higher Order Fields 

[Cont. of Proposal 176] 
 

• JEDI – Jülich Electric Dipole moment Investigations 
• Spokespersons: 

-  Andreas Lehrach, Frank Rathmann, Jörg Pretz  
-  Search for Permanent Electric Dipole Moments 

at COSY Step 1: Spin coherence and 
systematic error studies 

[Proposal 216] 
 

P.Thörngren<piate@kth.se> LEAP 2013 / PAX - Polarizing antiprotons 31 

 
The downward evolution of the magnitude of the horizontal polarization is then an index 

of the loss of spin coherence. A typical plot is shown in Fig. 3. 

 
 If there is no horizontal polarization and a random distribution of asymmetries in the nine 
direction slices, a positive definite magnitude is always generated from the fitting process. For 
small polarizations, this introduces a positive bias into the magnitude. To extract a spin 
coherence time, it is necessary to adopt an adjustable template for the shape of the time 
evolution. This shape depends on the relative sizes of the emittances vertically and horizontally, 
two of the sources of spin decoherence. To reproduce the 17 data points of Fig. 3, the template 
shape is adjusted in a non-linear regression, giving the dashed line. To this is added the positive 
bias from sine wave fitting, leading to the solid curve which may have a slightly different shape. 
The solid curve generates the chi square of the fit. The spin coherence time is taken as the width 
of this shape at 60.6% of the full amplitude, a value chosen to mimic the width of a Gaussian 
function. 
 
 

Figure 2:  Measurements of the 
sideways polarization as a function of 
the direction (0 to 2 ) in the 
horizontal plane. The directions are 
divided into nine bins. Events are 
sorted into the bins on the basis of the 
fractional part of the total polarization 
rotation angle. In each bin, the down-
up asymmetry is calculated. The red 
curve represents the best sinusoidal fit 
to the measurements with adjustable 
magnitude, phase, and vertical offset. 
The magnitude is retained as a 
measure of the horizontal polarization 
within the time bin that provided the 
events used to calculate the 
asymmetries. 

Figure 3:  Measurements of the magnitude 
of the horizontal polarization as a function 
of time. The dashed curve is the template 
shape for the actual polarization. The solid 
curve is the template corrected for the 
positive bias so that it can be compared with 
the measurements. 

Horizontal polarization 	

as a function of the 	

direction (0 to 2π)	




Tomonaga’s “The Story of Spin” 

• “[Spin] It is a mysterious beast, and yet its practical 
effect prevails over the whole of science. The existence 
of spin, and the statistics associated with it, is the most 
subtle and ingenious design of Nature  

- without it the whole universe would collapse.” 
-  Foreword by Takeshi Oka 
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Company from 1953, and in the middle of the 1950's, Tippe Tops could be found in cereal boxes
like Post Rice Krinkles in the USA. According to Dan Goodsell from www.theimaginaryworld.com
Tippe Tops could be found in cereal boxes from companies like Nabisco, General Mills and Post
from the 1950's and up into the 1970's.

A famous picture also exists from the opening of the institute of physics at the University of Lund
in Sweden in 1951, where Wolfgang Pauli and Niels Bohr are looking at a Tippe Top. Bohr was
very interested in the physics of the top, and it is believed that also Winston Churchill enjoyed the
top.

Picture from around 1954 of two cereal boxes containing Tippe
Tops. The picture is reproduced with permission from Dan

Goodsell of www.theimaginaryworld.com.

Picture of Wolfgang Pauli and Niels Bohr studying a Tippe Top.
The picture is taken at the opening of the new institute of
physics at the University of Lund on May 31 1951. Credit:



Proposals for polarized antiproton beams 
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•  CERN proposal CERN/PSCC/85-80 (Nov. 5, 1985) 
E. Steffens et al, Proc. 3rd LEAR workshop Tignes 1985, p. 245: 
Proposal for measurement of spin dependence of the       interaction at low momenta 

•  PAX Collaboration - P.Lenisa and F. Rathmann et al.  
•  Antiproton-Proton Scattering Experiments with Polarization, arXiv:hep-ex/0505054 

(May 2005) 
•  Antiproton–Proton Scattering Experiments with Polarization, Update (Jan 2006) 

•  CERN/AD letter-of-intent Measurement of the spin–dependence of the p(bar)p 
interaction at the AD–Ring, arXiv:nucl-ex/0512021 (Nov. 2005)  

•  CERN/AD proposal Measurement of the Spin–Dependence of the p ̄p Interaction at 
the AD–Ring, CERN-SPSC-2009-012 ; SPSC-P-337 (April 2009) 



V. Barone et al. / Physics Reports 359 (2002) 1–168 101

Fig. 34. Drell–Yan dilepton production.

Fig. 35. The geometry of Drell–Yan production in the rest frame of the lepton pair.

the lepton momenta can be expanded as

‘!= 1
2q
! + 1

2Q(sin " cos# x̂
! + sin " sin# ŷ ! + cos " ẑ!); (7.2.17a)

‘!!= 1
2q
! ! 1

2Q(sin " cos# x̂
! + sin " sin# ŷ ! + cos " ẑ!): (7.2.17b)

The geometry of the process in the dilepton rest frame is shown in Figs. 34 and 35.
The leptonic tensor then reads

L!$=!1
2Q

2[(1 + cos2 ")g!$" ! 2 sin2 " ẑ!%̂
$

+2 sin2 " cos 2#(x̂!x̂$ + 1
2g
!$
" ) + sin2 " sin 2# x̂{!ŷ $}

+sin 2" cos# ẑ{!x̂$} + sin 2" sin# ẑ{!ŷ $}]; (7.2.18)

where

g!$" = g
!$ ! q̂!q̂$ + ẑ!ẑ$: (7.2.19)
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PolAntiP – Aim 

Complete characterization of spin-dependence of pp interaction 
 
à CERN AD (the only place worldwide) 

AD layout 
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PAX target section Electron cooler 

Siberian snake 


